As a simple model of rafts in plant cells, the effect of stigmasterol, one of the predominant sterols in plant plasma membranes, on the phase behavior of dipalmitoylphosphatidylcholine (DPPC) multilayers has been studied by X-ray diffraction (XRD), differential scanning calorimetry (DSC), and freeze-fracture electron microscopy (FFEM) techniques. A partial phase diagram of the binary system has been constructed. Particularly, the stigmasterol concentrations of the "left endpoint" and "right endpoint" of the three-phase line have been determined using the newly developed linear and nonlinear fitting method. They are 6.2 and 23.7 mol%, respectively. Furthermore, the resemblance and difference of phase diagrams of DPPC/stigmasterol, DPPC/cholesterol, and DPPC/ergosterol have been compared and the efficiency of these sterols in promoting the formation of the liquid-ordered domains (rafts) have also been discussed.
Introduction
There is accumulating evidence supporting a model of mammalian plasma membrane in which domains rich in cholesterol and saturated lipids coexist with domains rich in unsaturated phospholipids [1] [2] [3] [4] [5] . The cholesterol-rich domain structures, namely rafts or detergent-resistant membrane fractions (DRMs), have been implicated in numerous cellular processes, including signal transduction, protein sorting, cellular entry by toxins and viruses, and viral budding [6] [7] [8] [9] [10] . As the major sterol present in mammalian cells, cholesterol has been regarded as a critical component of rafts in cells [2, 3, 5] .
Not limited to animal cells, DRMs rich in sphingolipid/sterol have also been isolated from plant cells, where the dominant sterol is not cholesterol [11] [12] [13] . Particularly, stigmasterol has been identified as one of the predominant sterols in plant rafts such as in tobacco lipid rafts [12, 14] . Because stigmasterol is among the major sterols in plant plasma membranes [15, 16] , its role in the formation of raft structures has become an interesting topic recently. In a study of lipid mixtures containing natural sterols and sphingolipids using fluorescence quenching and detergent insolubility, Xu et al. have shown that, like cholesterol, stigmasterol promoted the formation of tightly packed liquidordered domains containing DPPC or sphingomyelin. And both cholesterol and stigmasterol promoted the insolubility of these domains [17] . There have also been reports on the effects of stigmasterol and other plant sterols on the phase behavior of DPPC multibilayers investigated by DSC, XRD, resonance energy transfer, and detergent-induced solubilization techniques [18, 19] .
Phosphatidylcholines (PCs) are among the major phospholipids of plasma membranes [20] . Saturated PCs are known to have very similar physical properties to that of saturated-chain sphingolipids [21] . Thus, DPPC/sterol mixtures have been selected by many research groups as simple model systems of rafts. The partial phase diagram of DPPC/cholesterol has been constructed by Vist and Davis [22] and has received both experimental and theoretical support [23] [24] [25] . Recently, the partial phase diagram of DPPC/ergosterol (the predominant sterol in fungi) has been constructed by Hsueh et al. [26] . All these studies employed DSC and 2 H NMR techniques to determine the phase boundaries. Both these two diagrams contain three two-phase regions and a three-phase line, and three distinct phases have been identified: lamellar liquid-crystal (L α ) or liquid-disordered phase (L d ), lamellar-gel (L β′ ) or solid-ordered phase (so), and liquid-ordered phase (L o ) [22, 26] . No phase diagrams of stigmasterol-containing lipid mixtures has so far been published. The aim of this work is to study the effect of stigmasterol on the phase behavior of DPPC and to construct a partial phase diagram.
Materials and methods

Materials
1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was purchased from Sigma Chemicals (St. Louis, MO, USA). Stigmasterol was from MP Biomedicals Inc. (95%, Aurora, OH, USA). They were used without further purification. DPPC/stigmasterol mixtures with designated mole ratios were dissolved in chloroform, dried under nitrogen, and then stored in vacuum overnight. The lipid films were hydrated with excess Tris-HCl buffers (50 mM Tris-HCl, 150 mM NaCl, 0.1 mM CaCl 2 , pH 7.2) with repeated vortexing and heating to 60°C and then stored at −20°C at least for 24 h before experiments. The molar fraction of stigmasterol was 1.25%, 2.5%, 4%, 5%, 7.5%, 10%, 15%, 20%, 22.5%, 25%, 27.5%, 30%, respectively.
Experimental methods
X-ray diffraction (XRD) experiments
Real-time synchrotron X-ray diffraction experiments were performed at Station BL40B2 of Spring-8, Japan. The SAXS/WAXS data were recorded online with an image plate detector. The wavelength is 0.1 nm, and camera length was about 400 mm. A standard sample silver behenate was used for calibration. A Linkam thermal stage was used in temperature control. The temperaturescanning rate was 0.5°C/min. Time for image exposure, data processing, and dumping was 330 s.
Differential scanning calorimetry
The calorimetry was performed by a Mettler-Toledo DSC821 e differential scanning calorimeter. Usually 20 μl of sample was used in each scanning experiment with the scan rate of 0.5°C/min. In addition, a scanning rate of 5°C/min has also been applied to detect the low enthalpic pretransition of DPPC multibilayers. Measurements were repeated at least three times to ensure reproducibility.
Freeze-fracture electron microscopy
Samples and tools used for sample manipulation were equilibrated at the desired temperature for at least 15 min. A small drop of the suspension was sandwiched between two copper plates and manually plunged into liquid nitrogen. The freeze-fracture procedure was carried out in a Balzers BAF 400D freeze-fracture apparatus. Fractured surfaces were shadowed with platinum/carbon. Platinum and carbon evaporation was done from 45 and 90°angle, respectively. Replicas were floated on a methanol-chloroform (1:3, v:v) solvents.
Images were recorded with a FEI Tecnai 20 transmission electron microscope.
Deconvolution of the multicomponent XRD spectra and DSC curves was carried out using PeakFit software (Aisn Software Inc). The baseline was created by the two-point linear method and peak type was Gauss + Lorentz for all the 
Results and discussion
A partial phase diagram of DPPC-stigmasterol, as shown in Fig. 1 , has been established based on the experimental data of DSC, XRD, and FFEM. The boundaries of L β′ /P β′ , P β′ /(P β′ + L α ), and (P β′ +L α )/L α were based on the pre-and maintransition of DSC results (stars and crosses); the three-phase line and the boundary of the (L α +L οβ )/L α were determined from the deconvolution results of DSC traces (solid squares); the boundary of the L oβ /(L α +L oβ ) was determined from the fitting results of XRD data (open squares); the boundaries of P β′ /(P β′ +L oβ ) and (P β′ + L oβ )/L oβ were determined from the fitting results of XRD data (solid triangles); and the ripple phase is identified by both FFEM and XRD techniques. Details are explained below.
Low stigmasterol region (0-5 mol%)
DSC thermograms of stigmasterol/DPPC mixtures recorded at a scan rate of 0.5°/min. are presented in Fig. 2 . In the absence of stigmasterol, DPPC dispersions display a low enthalpic pretransition (L β′ to P β′ ) at 36.8°C and a sharp main transition (P β′ to L α ) at 42.9°C, which are determined as the peak temperatures of the DSC curves following McMullen and McElhaney [27] . The phase transition temperatures are in good agreement with published data [28] .
Similar phase behavior was recorded for dispersions containing less than 5 mol% of stigmasterol. First, the main phase transition endothermic peak becomes broadened in the presence of stigmasterol. Particularly, the transition temperature decreases with increasing concentration of the sterol. The start and end points of the peaks have been used to define the coexisting region of P β′ and L α phases.
Second, the pretransition was also investigated with fast scan rate of 5°/min at the stigmasterol molar percentage of 2.5, 4, and 5 mol%. The endothermic peaks are shown in Fig. 2 as insertions. Clearly, the pretransition temperature decreases with increasing concentration of sterol from 0 to 4 mol%. It is undetectable at higher than 5 mol% stigmasterol. This is in agreement with the report by Thompson and coworkers [18] . The L β′ /P β′ boundary was simply evaluated by the peak temperature of the pretransition.
Determination of the three-phase coexistence line by calorimetry
Along with increasing stigmasterol, the peaks of main transitions become broadened, and an asymmetric feature appeared when the molar ratio is greater than 5%, indicating that the dispersions may consist of more than one phase. A recent study found that DPPC dispersions containing more than 5 mol% stigmasterol could be separated into sterol-poor and sterol-rich domains [19] . We have, therefore, tried to deconvolute these thermograms and found those containing 7.5 to 20 mol% stigmasterol could be well expressed by two components as depicted in Fig. 3 . One is sharp, and the other is broad. The sharp peaks all have almost the same peak temperature, 40.8°C, with an error of ±0.3°C. The endpoint temperature of the broad coponent increases gradually with increasing concentration of the sterol. These data are summarized in Table 1 . By contrast, the thermograms containing less than 5% or more than 25% stigmasterol are symmetric and are believed to originate from a single-phase transition.
Accordingly, the following conclusion can be made: (1) the temperature, where P β′ +L oβ +L α three-phase coexists, is about 40.8°C; (2) the minimum sterol concentration of the three-phase line, or the "left endpoint" (ϕ), is between 5 and 7.5 mol%; (3) the maximum sterol concentration of the three-phase line, or the "right endpoint "(θ), is between 20 and 25 mol%.
We now evaluate the precise values of ϕ and θ. We assume that, for the two deconvoluted thermal events shown in Fig.  3(b) , the sharp component is contributed by the phase transition enthalpy from P β′ to L α phase containing ϕ mol% stigmasterol, and the broad component represents the phase transition enthalpy from L οβ to L α phase containing θ mol% stigmasterol. Table 1 The peak temperature of the sharp component (T p ) and the endpoint temperature of the broad component (T end ) in Fig. 3 Sterol (mol%)
T p (°C) T end (°C) and A l α are defined as the areas of the two components, n p and n l the moles of molecules of each phase involved, Δ p α H m and Δ l α H m the phase transition enthalpies per mole of DPPC from P β′ to L α and from L οβ to L α , respectively. Then the following equation can be given:
We further define k¼ which can be rearranged into the following form,
In Eq. (4), h, ϕ, and θ are unknown parameters, but they are constants. By assigning a value to ϕ, the values of h and θ can be obtained from linear fitting when plotting x as a function of λ(ϕ−x)/(100−ϕ). The fitting results are summarized in Table 2 . The best set of the fitting is selected according to the correlation coefficient R 2 , which gives ϕ=6 and θ=23. Taking these values and h=1.1 as initializing parameters, the nonlinear least squares fitter of Microcal Origin can further refine the parameters as ϕ=6.2 and θ=23.7. They fall precisely into the range predicted before.
The (L α +L οβ )/L α boundary was determined from the endpoint of the broad deconvolution results at 7.5% V x V 20% and the endpoint of the raw DSC traces at x≥25% (solid squares). According to the trend of the upper boundaries of P β′ + L α and L α +L οβ , the eutectic point or triple point is expected to be around 7 mol% stigmasterol (open triangle).
3.3. Determination of phase boundaries P β′ /(P β′ +Lo β ) and (P β′ +Lo β )/Lo β by XRD X-ray diffraction patterns were recorded over the temperature range 30°C to 63°C at intervals of 2.75°C at a heating rate of 0.5°/min. In the absence of stigmasterol, a DPPC dispersion shows two phase transitions in the temperature range, namely from lamellar-gel (L β′ ) to ripple (P β′ ) and then to liquid-crystal phase (L α ). This is in agreement with the DSC results. At least five orders of diffraction have been recorded in the small-angle region for each of the mixed lipid dispersions. The reciprocal spacings of these diffractions show a ratio of 1:2:3:4:5, characterizing all the structures as lamellar.
Representative small-angle (SAXS) and wide-angle X-ray scattering (WAXS) patterns for a dispersion of DPPC containing 10 mol% stigmasterol are presented in Fig. 4 . Only the first two orders in the small-angle region are shown to clarify the presentation. As can be seen, the spacing of the first-order SAXS pattern decreases abruptly from about 8.0 nm at 38.3°C to about 6.9 nm at 43.8°C, indicating a main phase transition of DPPC dispersion from gel phase to the L α phase. The transformation of a sharp diffraction at 0.42 nm (38.3°C) to a broad scattering at 0.45 nm (43.8°C) in the WAXS region also indicates the main phase transition.
An asymmetric feature in the diffraction maxima can also be seen in Fig. 4 , especially for the small angle diffraction patterns. This suggests that the peaks can be deconvolved into two peaks just as demonstrated for the DSC thermal peaks. As the first-order of the SAXS spectra overlaps extensively, the second-order of the SAXS profiles has been selected to perform the analyses in this work.
Shown in Fig. 5 is an example of the deconvolution process, which shows the SAXS peak from the DPPC dispersion containing 10 mol% stigmasterol at 38.3°C can be deconvolved into a sharp and a broad peak. By comparison with the phase Table 2 The fitted values of θ and h at some given value of ϕ ϕ θ h R diagrams of cholesterol-DPPC [22] and ergosterol-DPPC [26] binary systems, it can be assumed that the two components are sterol-poor and sterol-rich domains, respectively. The former is a gel phase, which has been characterized as a ripple phase (see next section). The latter is a L oβ phase. It is reasonable to assume that the integrated areas of the two peaks, S 1 and S 2 , are in direct proportion to the amount of the respective lamellar phase, with coefficients f 1 and f 2 . At a given temperature, the two domains should have fixed compositions, say ϕ and θ mol% of stigmasterol. For a lipid mixture containing x mol% stigmasterol, according to the lever rule, the following equation can be obtained:
By further defining
¼f the above equation can be rearranged into the following form:
In Eq. (6), f, ϕ, and θ are unknown parameters, but they are constants at a given temperature. The value of x is a known parameter and λ can be obtained by integrated area of deconvoluted peaks. By assigning a value to ϕ, f, and θ can be obtained from linear least square fitting when plotting x as a function of λ(ϕ−x). The values of λ of mixtures containing more than 5 mol% sterol at 33°C are summarized in Table 3 . As shown in the table, the values of λ decrease with increasing x. This agrees with the lever rule: as x increases at a given temperature, the quantity ratio of the gel phase to L oβ phase decreases, thus λ decreases. The fitting values of θ and f at 33°C are summarized in Table 4 when given different values of ϕ. The criteria in choosing the value of ϕ are the maximum correlation coefficient R 2 . Thus, the optimum parameters are ϕ=6, θ=31. The correlation coefficient R 2 will decrease when ϕ is lower or higher than 6. Taking these values and f =2.3 as initializing parameters, the nonlinear least squares fitter of Microcal Origin can further refine the parameters as ϕ=6.8 and θ=32.1. That is to say, the stigmasterol concentrations in the sterol-poor domain and the sterol-rich domain are 6.8% and 32.1%, respectively.
Parameters of ϕ and θ at other temperatures can be derived in the same way. They are summarized in Table 5 . The results below 40°C have been used to construct the boundaries of P β′ /(P β′ +L oβ ) and (P β′ +L oβ )/L oβ (solid triangles in Fig. 1.) ; while data at 44°and 47°C were used to establish the boundary of L oβ / (L α +L oβ ) (open squares in Fig. 1 ).
Identification of the ripple phase
We will provide evidence that the sterol-poor phase at temperatures below 40°C is rippled gel phase (P β′ ) but not L β′ phase. Although Fig. 2 shows that the pretransition cannot be detected by adding more than 5 mol% stigmasterol, this does not necessarily mean that the P β′ phase does not exist when x N 5%. It has been reported in DSC studies that the pretransition was suppressed by adding more than 6 mol% cholesterol to DPPC or DMPC [22, 29] , but the ripple phase structure remains even at 16 mol% [30] or 15 mol% [31] cholesterol content from the experiments of freeze-fracture electron microscopy. Recently, Hatta proposed a schematic phase diagram of PCs/cholesterol mixtures based on DSC and XRD experiments, suggesting that Table 4 The fitted values of θ and f when given different values of ϕ at 33°C Table 5 The fitted values of θ and ϕ at different temperatures the ripple phase exists in the whole region where sterol-poor and sterol-rich domains coexist under the temperature of the threephase line [32] . The XRD features of P β′ phase are significantly different from that of L β′ phase. In the present study, as shown in Fig. 6 , the diffraction patterns of the SAXS (a) and WAXS (b) spectra of pure DPPC at 30°C and 38°C represent the characteristics of the L β′ phase and the P β′ phase, respectively. Compared with the first-and second-order of the SAXS diffraction patterns of L β′ phase, the diffraction intensity of P β′ phase becomes lower and the diffraction peak tends to be more diffused. By contrast with the WAXS pattern of L β′ phase, the intensity of diffraction of P β′ phase becomes lower and the diffraction peak tends to be more symmetric [33] . Because the gel phase (sterol-poor domains) is predominant at ∼5 to 10 mol% sterol according to the phase diagram, the X-ray scattering pattern signifies a gel phase in this concentration range. As seen in Fig. 6(a) , the diffuse appearance of the first-and second-order peaks of the SAXS pattern as well as the symmetric WAXS pattern at x=5% and x=10% strongly suggest that the gel phase (sterol-poor domains) is a ripple phase (P β′ ). At higher stigmasterol concentrations, the diffraction patterns in the SAXS region do not show the characteristics of ripple phase. This may be due to the overlapping of P β′ with the dominant L oβ phase. The symmetric WAXS pattern in this region, however, suggests that the phase is not a typical L β′ phase.
The periodicity of the ripple phase of DPPC in the absence of stigmasterol was determined to be 13.2 nm (S=0.076 nm −1 ) by the SAXS reflection appearing in the lower angle to the first-order of the lamellar repeat, indicated by an arrow (Fig. 6(c) ). This was in good agreement with the result of Bóta and coworkers [34] . The periodicity of ripple phase at other concentrations with ≥5 mol% stigmasterol could not be determined unambiguously by X-ray diffraction method due to low signal/noise ratio. This is in line with the recent report by Matuoka and coworkers where a codispersion of DMPC and cholesterol was investigated [35] .
To identify the existence of the rippled gel phase further, electron micrographs of freeze-fracture replicas prepared from the codispersions of DPPC with 15 mol% stigmasterol thermally quenched from 30°C were examined. The representative image in Fig. 6(d) shows the well-characterized rippled freezefracture pattern of the P β′ phase (see [36] for review). The ripple periodicity was estimated as 35-45 nm, much larger than that of pure DPPC. This agrees with the conclusion that ripple periodicity of DPPC containing different cholesterol concentrations increases with increasing sterol concentrations [31, 35] .
Phase diagrams of DPPC/sterol binary dispersions are very useful in characterizing the interactions between the particular lipid species. Together with present work, three DPPC/sterol binary systems have been examined. It is thus worthwhile to compare the phase diagram presented in this report and that of DPPC/ cholesterol [22] and DPPC/ergosterol [26] . First, all three-phase diagrams contain a three-phase line and three two-phase regions. In the case of systems containing cholesterol and ergosterol, lamellar-gel phase and ripple phase were combined as a "gel phase" or solid-ordered phase. Hatta's recent work, however, distinguished the ripple phase from normal lamellar-gel phase [32] . Second, all the boundaries of gel/(gel+L oβ ) in the three diagrams are practically vertical. But the (gel+L oβ )/L oβ boundaries of DPPC/ergosterol and DPPC/stigmasterol slope from 25 mol% and 27 mol% near 38°C to 32 mol% and 34 mol% near 30°C, respectively. In the case of DPPC/cholesterol mixtures, the boundary is observed to be nearly vertical around 23 mol%. This means that cholesterol has higher efficiency than stigmasterol or ergosterol in forming liquid-ordered phase. It should be noted that the sequential order of these sterols in promoting the formation of liquid-ordered phases are not necessarily the order in which they promote the formation of rafts in vivo. Any difference in sterol/ sphingolipid/phospholipid ratios among mammalian cell, fungal cell, and plant cell could significantly influence the lipid raft formation in vivo [13] . Nevertheless, the present study may help to understand the principles that underlie the formation of rafts in vivo. Third, the temperatures of three-phase lines are 40.8°, 39.5°, and 37°C for stigmasterol, ergosterol, and cholesterol, respectively, in the phase diagrams. In the cases of ergosterol and cholesterol, d 31 -DPPC and d 62 -DPPC were used respectively. Klump et al. previously reported that the main transition temperature of d 31 -DPPC and d 62 -DPPC were 2.3°C and 4.1°C lower than undeuterated DPPC [37] . Taking this difference into account, the temperatures of the three-phase lines will be 40.8°, 41.8°, and 41.1°C for stigmasterol/DPPC, ergosterol/DPPC, and cholesterol/DPPC, respectively. There is no significant difference between these values.
In conclusion, a partial phase diagram of DPPC and stigmasterol binary system has been constructed by the methods of DSC, X-ray diffraction, and FFEM. Particularly, the stigmasterol concentrations of the "left endpoint" and "right endpoint" of the threephase line have been determined using the newly developed linear and nonlinear fitting method. They are 6.2 and 23.7 mol%, respectively. Furthermore, this study suggests that the efficiency of stigmasterol to promote the formation of liquid-ordered domains (rafts) containing DPPC is lower than that of cholesterol.
